INTRODUCTION
The redox behaviour of the NAD(P)+/NAD(P)H couples has been extensively studied because of their importance in living systems. However, there is still some controversy concerning the mechanism of the redox reactions involved. Theoretically they can occur either by step-by-step processes involving the successive transfer of two electrons and a proton, or by single-step transfer of a hydride ion [1] .
Recently we have reported the isolation and characterization of a mixture of three diastereoisomeric dimers of 4,4'-tetrahydrobipyridine type, (NAD)2, arising from the one-electron reduction of NAD+ [2] .
The back-oxidation of the dimers to NAD+ can be accomplished by chemical [3] , electrochemical [4] or enzymic [2, 3] methods. The oxidation of dimers by molecular 02 is slow, but it can be substantially accelerated by light [5] or by horseradish peroxidase [6] . These oxidations appear to proceed by single-electron steps. In order to understand better the redox properties of the NAD(P) dimers, we investigated their reaction with some metalloproteins that act as single-electron acceptors. [7] .
MATERIALS AND METHODS

Phenazine
(NAD)2 was prepared by the method of Carelli et al. [2] . (NADP)2 was similarly prepared from NADP+ except that 50 mM-NH3, instead 10 mm, was used in the Sephadex purification step. Both dimers were stored at -20°C in the solid state and dissolved just before use.
Cytochrome c was converted into the fully oxidized form by autoxidation for 30 min at pH 3 at 20°C [8] . Azurin was purified from Pseudomonasfluorescens by the method of Finazzi-Agro et al. [9] . Haemoglobin was prepared from human erythrocytes by the method of Rossi-Fanelli et al. [10] . Methaemoblobin and cupric azurin were., prepared by addition of a small excess of K3Fe(CN)6 followed by extensive dialysis.
Rat liver supernatant was obtained by centrifugation at 105000 g for 2 h at 5°C of a homogenate of rat liver in 0.25 M-sucrose.
The redox reactions between dimers and cytochrome c, azurin and methaemoglobin were monitored spectrophotometrically and, in the case of the two former proteins, were carried out both in the presence and in the absence of 02. Anaerobic reactions were conducted in a Thunberg-type cuvette, as described previously [61.
The reductions ofcytochrome c, azurin and methaemoglobin were monitored at 550, 625 and 576 nm respectively. The molar absorption coefficients were 6550 =29.04 mm-cm-' for ferrocytochrome C, 6625 = 3.5 mm-cm-' for cupric azurin and 6576 = 14.6 mm-' cm-' for oxyhaemoglobin. The formation of NAD+ was checked by the ability of the reaction mixture to oxidize ethanol in the presence of alcohol dehydrogenase. Yeast alcohol dehydrogenase (10,g) was dissolved in 75 mM-glycine/NaOH buffer, pH 8.5, containing in 1 ml final volume 75 mM-semicarbazide, 10 mM-ethanol and 100 ,u of the sample. The amount of NAD+ originally present was calculated from the absorbance at 340 nm of the NADH formed (6340 = 6.1 mM-1 cm-l) after 10 min incubation at 25 'C. The reaction was essentially over after 3-4 min.
RESULTS
(NAD)2 reacts with ferricytochrome c to give NAD+ and ferrocytochrome c both in the presence and in the Abbreviation used: SOD, superoxide dismutase. § To whom all correspondence should be addressed.
Vol. 237 Reaction of NAD dimers absence Of 02. The redox reaction clearly proceeds with bimolecular kinetics (Fig. 1) . At 25°C the bimolecular rate constant is 22 M-1 -s-I in 0.1 M-potassium phosphate buffer, pH 7.2. Experiments conducted in the presence and in the absence of 02 showed almost the same rate of cytochrome c reduction and a stoichimetry of 2 mol of cytochrome c reduced/mol of (NAD)2 oxidized (Table  1) . SOD, added in the presence Of 02, strongly decreases the rate of the reaction (Fig. 2) , and the stoichiometry tends to 1: 1 ( Table 1) . The effect of SOD on the aerobic (NAD)2-ferricytochrome c reaction is proportional to the enzyme concentration in the range 1-7 ,ug of protein (20-150 units). At higher enzyme concentration the inhibition tends to a limiting value. Copper-free SOD does not influence the reaction. No effect of SOD is seen in the absence of 02. The rate of cytochrome c reduction by (NAD)2 is decreased on increasing the ionic strength of the medium, as expected for a reaction between two oppositely charged species (Fig. 3) . (NADP)2 reduces ferricytochrome c with the same stoichiometry but at a higher rate (50 M-1 * s-1) under otherwise identical conditions.
(NAD)2 also reduces at significant, but lower, rates other single-electron-accepting proteins, such as bacterial cupric azurin and human methaemoglobin. The relative rate constants are 6 and 0.02 M-1 -s-I at 25°C in potassium phosphate buffer, pH 7.2. The reaction of (NAD)2 with azurin was slightly faster at higher ionic strength (Fig. 3) . SOD also slowed down by about 30% the rate of (NAD)2 reaction with azurin, only in the presence of air.
NADH was unable to reduce at appreciable rates these proteins unless a suitable mediator, such as phenazine methosulphate, was present both in the presence and in the absence of 02. Here no effect of SOD was observed [11] . Phenazine methosulphate gives only a slight increase of the reaction rate of (NAD)2 with cytochrome C.
Biological catalysts such as NADH-cytochrome c reductase and rat liver supernatant also catalyse the reaction between NADH and cytochrome c, but they do not appreciably affect the reduction by (NAD)2 (Fig. 4) The rate constants k3 and k5' are both very high, i.e. in the range of the diffusion limit [12, 13] . The catalysed dismutation of 02- [4, 5] is about 10000 times faster than the spontaneous dismutation [13] . The rate constant k4 has a value of approx. 106 M-1 -s-l at pH 7 and 21°C [14] . The finding that the overall rate of the reaction between (NAD)2 and cytochrome c is similar in the presence or in the absence of 02 indicates that reaction (2) is not rate-limiting. Therefore the rate-limiting process may well be reaction (1) of the above scheme, i.e. that involving the formation of NAD. Even if k2 were as large as k3, reaction (2) has a low probability, since the concentration of 02 in these experiments is higher than that of cytochrome c. SOD clearly decreases the rate and the extent of cytochrome c reduction by draining 02 towards the dismutation, thus preventing the reaction of 02-with cytochrome c. This reaction between the (1) (2) (3) (4) (5) dimers and cytochrome c could be used for the quantitative determination of SOD activity at neutral pH values [15] . SOD also decreases the rate of reduction of cupric azurin, probably by a similar mechanism.
The difference in the rates of reduction of the three proteins by (NAD)2 further indicates that the rate-limiting step is reaction (1) .
The lower redox potential of haemoglobin with respect to cytochrome c [16, 17] could explain the difference between the two proteins in the rate of their reactions with (NAD)2. This is not the case for azurin, the redox potential of which is higher than that of cytochrome c [18] . A less favourable interaction between (NAD)2 and azurin, both negatively charged at this pH, might explain the different reaction rates. This hypothesis is supported by the opposite effects of increased ionic strength on the reactions of (NAD)2 with cytochrome c and with azurin.
In conclusion, (NAD)2 and (NADP)2 appear to be suitable for single-electron reactions. NAD(P)H instead require the presence of mediators to react with single-electron acceptors. Conversely, the dimers are unable, at least in the cases so far studied [present paper and refs. 3, 6, 19] , to react with two-electron acceptors. Hence the dimers may be a tool for discrimination between one-electron and two-electron redox mechanisms in biological systems.
